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In continuation of my article published in !’Zeitschrif<fti?

Flugtechnik und Motorluftschiffahrt, llMay 26, 1924, I will now.give

the results of a more recent series of experiments performed on a

wing designed for a cantilever mo-noplane. These experiments were

conducted by the writer for the Udet Airplane construction CO., ,Ltd.j

of Munich-Ramersdorf, the first firm in Germany to undertake the

construction of airplanes with slotted wings.

Both wings were trapezial in their ground

rounded elliptically (Fig. 1). Their span was

with a middle portion of uniform cross-section

(4.8 in.). To this middle portion were joined

plan, with their tips

1376.4 mm (54.1S in.)

and a span of 122 mm

the two wings, whose

thickness diminished toward their tips. Fig. 2 gives several cross-

sections showing the relatively great thickness of the middle por–

tion and the slight convexity on

the wing-section, the results of

were carefully considered. This

devices for increasing the lift,
. ,.

the pressure side. In designing

several years of experimentation

wing section combines all known

namely, the slot, the increased

camber and angle of attack by means of an aileron running the whole

length of the span and, lastly, an increase in the wing area by

* From “Zeitschrift fur Flugtechnik und Motorluftschiffahrt,” Aug-
ust 26, and Septer,ber 26, 1924-

,. . . , ,-.-,, -. .... .-,. -,-,. ,, , ,, ,, ,,,.,.,. ,.,
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means of an auxiliary wing adjusted by a

Special care was taken in designing

2
...
.,, . ...

sort of rectangular jointw

the cross-section of the

slot and of the auxiliary wing. In the,]~osition of horizontal

flight, the auxiliary wing lies smoothly on the le~ding edge of the
.

main wing, so that there is no ,increase in the wing--sec,tiondrag..,.. ....-

The construction of the auxiliary win,g,as,a bent metal sheet has.

been abandoned on account of the unsatisfactory results obtained..

The auxiliary wing is shifted forward.not only to increase $helift,

but also to prevent the backward shifting of tinecenter of pressure,

which occurs on opening the slot. /.-a

The full-sized aileron was actuated by the torsion of a rod

running throughout the entire span. Hence it seemed advisable” to

compensate the moment of the aileron about its axis of rotation,

especially nea,rthe wing tips, by running its axis of rotation as

near as possible to its center of pressure.

A series of experiments was performed with this model at vari-

ous aileron angles 8 in the normal flight position and in the

landing position. For both &ases, all coefficients were applied to

wings with the slot closed, F = ~~40 cm2 (409~2 sq-in=)” The an-

‘gle of attack a was determined in all cases by the inclination of

the tangents, -which, with an aileron deflection “of 6 = 00, can be

drawn on the outline of the aileron and of the pressure side of the

cross-section of

The results

the main wing.

obtained in both positions of the auxiliary wing

are shown in Figs. 3-6. For horizontal flight with closed slot, an

.-—...
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aileron angle 5 = - 5° was found to

large wing-section drag in the normal

comparative experiments,

great relative thickneSS

the unfavorable shape of

is comparatively easy to

3

be the’best. The relatively

position is due, as shown by

almost exclusive y to the somewhat too,

of the middle section of the wing and to

the leading edge of the wing-section. It

reduce the.relative thickness b-ylengthen-

ing the chord and increasing the taper toward the wing tips and

thus obtain the wing-section d~a,gof an ordinary thick wing. ,,

The effect of the slot with an aileron deflection of 6 = 0°

is very small. Only a small aileron deflection is required, howeT+..

er, to produce a great increase in

lift increase due to the auxiliary

produced by the aileron alone. on

tinelift. On the average, the

wing is about 40% above that

the basis of a maximum lift co-

efficient of about 1...foror the unslotted wing-section, the lift in-

crease resulting from tinecombined action of the slot and the ail-

eron is about 95?. (On this basis, the angle of attack of the wing

was a = 20.40 for the case of maximum lift.) The corresponding

reduction in the landing speed is about 30~. The moment curves are”

given in Figs. 5-6. Fig. 6 also gives the moment curve for the

most favorable flight position (6 = - 5°) for purposes of compari-

son. On drawing the line b, it is evident that the location of

the center of
.

position when

position for

line a with

pressure in the landing position coincides with its

CL = 0.75. If the center of pressure in the normal

CL = 1.00 is regarded then the intersection of the

the horizontal line through CL = 100 gives the
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maximum retzogression”of the center of pressme in shifting to the
1

landing position with the same inclination of the airplaneis axis.

The distance between the center of pressure fo~ the two positions

of the auxiliary wing is only about 6% of the chord. The practical

meaning of this result is that the airplane, “inshifting from the

normal position and an angle of attack of about 5° to the landing

1!) position, suffers no notewortlny change in txim, so that the adjust-
!

I

?: ment of”the damping surface, req~ired in the first form of slotted
:\
!
;(: wings with rotatable auxiliary wings, can be dispensed with.
i,,
~:
( Measurements of the thickness of theboundary layer of air on--’-”-

an unslotted win,qand on a similar slotted wing.- The lift limit

of a wing is determined by the so-called llseparationtfof the flovv

from the negative-pressure side of the wing section, “when a certain

critical angle of attack is exceeded. For unslotted wings, this

angle.lies between 15 a,nd18°, It is obvious ihat the phenomenon

Of separation is co&ected with the thickening of the boundary lay-

er on the back of the wing section. By I’boundarylayerl{is meant
I
)
~

the conception, introduced by Prandtl, of a region in which the

~: flow is retarded by friction.
f

~
The delay in theseparation,, for a slotted wing, can be ex-

;/ plained by the flowing -throughthe slot of an auxiliary air current

‘j
j which accelerates the boundary layer and delays the for-mationof
p.<.

dead air spaces. This lmomledge s-dggeststhe possibility of re-

placing the action of the slotted wing by similar-acting mechanical

devices, such as, for example, nozzles with a blast, suction chan-
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nels connected with the engine, or a special suction pump for accel-

erating the boundary layer. In June, 1923, the following experi-

ments were performed for the purpose of learning the behavior of.the

l~cundary layer on an unslotted and on a slotted wing section and of

ohtal-ningan idea of the order of magnitude of the thickness of the

boundary layer.

a) Experimental Conditions .- The experiments were performed

on wing section 0/100, both with and.without slot. The wing had a

chord of 60 cm (23.62 in.), a span of 150 cm (59.06 in.) and was ar-

ranged for obtaining a smooth flow between two parallel walls= A ‘......

more detailed description of the model is given in my preceding art-

icle in ‘lZeitschriftffirFlugtechnik un”dMotorluftschiffahrt,’1 Of

MaY 26, 1924 (See Technical Memorandum No. 282, N.A.C.A.).

The pressure measurements were made mith the help of the device

shown in Fig. 7. Brass tubes (a), with inside threads in their low-

er ends, were soldered into the wing at the four test points- On

the top of each tube there was a cover (b) with a slot. ,The follow--
.

ing table gives the distance of the four test points from the leading

edge of the auxiliary wing or of the ordinary wing in fractions of

the chord c. Test point number I II III IV

Distance from leading edge 0.303 c 0.453 c 00603 C 0.753C.

The threaded adjusting tube (ct) could be screwed ;into tube (a).
,-..... - , .,,,
The actual measuring-tube (e) was introduced through tube (ct). It

was held with the aid of the two prolongations.(d), and the adjusting

screw (c’) and could be pushed ebove the top of the wi-ngby turning
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this screw. These prolongations d, introduced into the slot of

the cover (b), kept the 1 mm (0.039 in.) hole in the upper end of

the measuring tube always perpendicular to the dizection of the wind.

This.hole served to measure the,static negative pressure and was

closed with ‘iplastilin[’during the measurement of the pressures in

the boundary layer.

At the bottom of the tube there was a removable nipple (f),

for attaching the rubber tube leading to the pressure gage. The

spring (g) kept the measuring tube,from faliing out of the wing,

since the negative-pressure side (top) of the wing i’sdownward dur-

ing the experiment.

The writer is aware that this somewhat primitive arrangement

is not perfect and that the “results obtained with it are not scien-

tifically accurate, like the experiments of Riabouchinsky* and

StantonA’*or the experiments of Burgers*** on polished glass plates

with the aid of sensitive hot–wire instruments. The described meth-

od was intended simply to give an approximate idea of the order of

magnitude of the thickness of the boundary layer as a guide in future

experiments. Probably a uniform error was caused in the experimental

results through the retardatj.onof the flowby the tube. This error

is automatically eliminated, however, in comparing the two wings.

Moreover, the experiments had to be limited as much as possible, on

....ac.countof their cost.

~Riabouchinsky, J’Etudeex.perimentale sur le frottement de ltair.ll
Bull. Inst. Aero. de Koutchino, 1914.
** T. E- Stanton, Proc. Roy. SOC-, London, A 97, 1920.
*** J, iif.Burxers and B. G. van der Hegge Zijnen, liVerhandlingender
KoninlilijkeA~adernievan Wetenschappen te Amster~arn,~l1924. -
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b) Execution and Results of Experiments.- The experiments on

the unslotted wing were executed at angles of attack of o, 5, 10

and 15°; on the slotted wing at angles of 5, 10, 15, 20 and 25°.

The flow had already separated at an angle of attack of 30° and no

further satisfactory experiments could be executed on account of the

strong vibrations.

The mean velocity of the air was v = 30 m (98.4 ft.) per sec-

ond. Its exact dynamicpressure was determined in every experiment.

In the experiments in the boundary layer, the pressure tube was
..

first screwed into the wing until its upper end was just flush with

the negative-pressure side of the wing. The vicinity of the open-

ing was then made as smooth as possible with tineaid of llplastilin.’l

Then the small hole in the cover of the pressure tube was opened

and the static pressure p. measured. Then the opening was again

closed and the tube unscrewed from the wing. The distance of the”

center of the hole from the top of the wing is designated in the

accompanying diagrams (Fig. 8) by h and given in millimeters.

At each test point the total pressure pt of the flow was found for

different distances h. The dynamic pressure p was then found by

subtracting the measured static pressure p. f~om the total pres–

sure pi,” i.e., p = p~ - po. In this connection, it was assumed

that the static pressure of the flow remained practically constant

for the relatively short distance;

It seemed best not to introduce into the diagram the expression

P/Cl> in which q represents the temporary dynamic pressure of the

—,, .-—.- .,, . . ... . . .
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undisturbed flow, but to convert the measured pressures p so as to
E-,

correspond with a mean value of the dynamic pressure, q = 58 kg/m2
,.
1 (11.88 lb./sq.ft.). These values are given in the accompanying!’,,

tables and diagrams (Fig. 8).

Test point I, Section 0/100 without slot.

p for:

Angle h=O h=l.4 ..:h=2.6 h=4.6 h=6.6 h=8 .6
of

● 055 .102 .181
attack

.26 .339

0° -25.5 60.3 7’7.7” 80.6 77.1 74.8
5° -30.’75 53.95 72.50 82.35 82.35 78.35

10° -35.95 44-.07 67.25 84.05 87.55 83.55
15° -37.7 4.6 23.2 51 ● 05 82.9 9095

Test point II - p for:

.—

h=10.6 ‘m
..417 in..

73.1
77.15
81.75
87.6

Angle
of h=O h=l.4 h=2 .6 h=4.6 h=6.6 h=8.6 h=10.6 h=13.6 mm

attack .055 .102 .181 .26
I

.359 .417 .535 in.
I 1 I 1 1 I 1

00 -22.05
5: -29.6

10 –36.6
& -40.6

45.25 58.05 70.75 76.55 I 75.95 74-25 73.05
46.4 58.6 72.5 80.6 82.9 81.2 81.2
42,97 55.2 70.2 84.2 89.9 88.2 87.6
20.9 26.7 41.18 62.65 76.0 92.8 93.9

Angle
of

attack
h:O

–19.7
-23.8
-27.8
–27 .8

1,4
.055

37.7
36.6
34.18
17.4

Test point 111 - p for:

~~~
2.6 4.6 6.6 8.6 10.6
.102 .181 .26 .339 .417

52.8 59*7 69.0 75.6 73.6
47.6 58.4 70.2 74.8 78.3
42.3 53*3 67.2 74.2 81.2
29.5 22.58 42.9 5180 63.8

13.6
.535

72.5
7?.7
80.6
77.7

18.1 mm
.713 in.

71.9
76.0
79.4
84.6

—. -.— —
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7Angleof
attack

0:
5

10:
15

h:O

-23.8
-21.3
-21.3
-16*8

Angle
.Of
attack

5°
10°
~so

20°
25°

Test point IV - p for:

1*4 2.6 4.6 6.6 8*6 10.6
.055 .102 .181 .26 -339 ● 417

26.12 30.2 31.35 31.92 36.6 25.12
27-*1 30.6 31.2 31.7 34.6 27.1
34.6 32.3 32.3 32.9 35.2 30.6
31.9 29.0 29.6 30.1 31.3 27.2

Test point I, Section 0/100 with slot.

p for:

h=O

-54.5
-69.5
-81.’75
-88.2
-97.4

1 I

13.5
.535

29.02
30.0
31.2
28.4

9

16.9 mm
.665 in.

35(54
25.36
27.1
24.92

h=l.6 h=4.6
.063 .181

64.95 92.3
75.88 121.7
89.29 133.95
87,04 140.4
85.7 150.8

Test Point II - P for:

h=7.6
.299

87.5
115.9
125.85
131.7
‘140.3

h=10.6mm
.417 in.

80-6
109 ● 5
120.55
125.9
134.5

1 I I I
Angle

h=O h=l.5 h=2.6 h=4.6 h=6.6 h=8.6 mmof
attack .059 .102 .181 .26 .339 in.

5V -30.2 33.14
loo -38.8 37.96
15° -4.5.8 42.43
20° -50.5 42.24
25° -52.7 38.2

45*3
52-5
62.05
67.0
58=1

51.9
66.7
82.1
85.0
80.0

56.9
87.0
98.0
102.7
102.6

Test point III - p for:

Angle 1

of h=O h=l .7

attack .067

5° –22.6 23.1
-.100~~ -28..4 .24.93.
15° -30.2 26.14
200 -31.4 25.6
25° –3i.9 22.05

h=4.6 h=7 .6 h=10.6
.181 .299 .417

42.3 46.4 50.4
52.0 70.8 81.8
55.8 77.2 84.2
55.2 77.8 85.4
49.3 72.5 85.3

62.2
92.8
99*8

.104.5
107.2

h=13.6 mm
.535 in.

54.55
80.0
80.7
81.3
81.8

--.-.—-,—. .. . .... , , ,, , , ,,,,l-. -....—— —., ,, -., .,.., . . . . . . . . . . . . . ---- -.—...-
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Test point IV - “n for:.

Angle
of h=o h=l.6 h=4.6 h=7 .6 h=10.6 h=13.6

attack ““ .063 .181 .299 .417 .535

T
~:-14.85

-17*4
;:0 -17*4
20° -1698
25° -15.7

16.59 28,10 ::.:5
20.3 36.0
20.3 36.0 46:4
19*7 34.8 45.7.
13.96 25.56 32.5

40.95
56.2
55.8
53.4
41”3

44.45
63.2
64.9
60.4
51.1

The hatched areas indicate the variations in lift..

10

h=18.1 mm
.713 in.

““2:5;36
22.5
24.95
25.5
24*4

For conven-

ience of comparison, the pressure diagrams of both wings, for the i ~~

same angle of attack, are given side by side, with the unslotted

wing on the right,

The difference in the behavior of the boundary layer on the un-

slotted and on the slotted wing can be made still clearer by “deter-

mining the velocity curves from the measured dynamic pressure curves

and introducing them above the corresponding test points. This is

done in Fig. 9. The different velocity curves are divided by hori-

zontal lines at intervals of one millimeter (0.04 inch). The num-

ber on the temporarily lowest line gives the minimum distance of

the bore of the pressure tube from the negative-pressure side of

the wing in millimeters. The lowest part of the curves was complet-

av
ed in a logical manner. This left the velocity gradient ~ (Y=o),

indefinite. Hence it was not possible to locate the separation

point or to determine whether the back-flow had already set in. In

“this way, the ‘transition from a smooth to a turbulent flow also re-

mained undertain.

The boundary layer can be characterized by the value of h,

, u,,,. ,,, ,”-! ! m mm!
. . . . ..—
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for which the dynamic pressure or velocity curves attain their maxi–

mum and where the flow, delayed by the friction of the walls, is
.

converted into a pure potential flow. The slight falling off of

the curves, after passing t’neirmaximum, is, in harmony with the

theory of circulation, due to the velocities in the potential flow,

which decrease as the distance from the wing increases. The veloc-

ity of undisturbed flow, ,V = Vo, is attained at the distance

h=rn- With the slotted wing, the relatively great falling off of

the,curves at test point IV, after passing the rnaxim,um,is surpris-

ing. This phenomenon may be explained by the assumption that the

pressure tube, after passing beyo-nda certain distance h, again

enters a new boundary layer, namely, the

from the wing. It must be assumed that,

crease of h, this layer will be passed

one which has separated +

with still further in-

through and the dynamic

pressure will rise again. In general, it may be seen, from the

course of the curve at test point IV, especially for the unslotted

wing, that the flow at this point has already seParated> even for

small angles of attack- Apparently a second and relatively thin

boundary layer has been formed, over which the turbulent dead air

flows with nearly uniform velocity=

Figs. 10 and 11 show, for co~arison, the thickness h of the

boundary layer throughout the length of the wing section at the dif-
.>.

ferent-angles of attack. : Since the curves-in Fig. 8 show a very

flat maximum, the distance from the upper surface, where the dynamic

pressure attained 90~ of the maxkmrflvalue, was arbitrarily taken

l– ——- —.
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as the thickness of the boutidary layer. From these diagrams it can

be readily seen how the separation is produced by the gradual thick-

ening of the boundary layer with increasing angle of attack. The

boundary layer is probably produced in the following manner. The

velocity at the leading edge of the wing increases

creasing angle of attack. The friction of the air

rapidly with in-

troduces a bound-

ary layer. During the further course of the flow, the velocity di-

minishes tomard the trailing edge. The boundary layer is delayed

and collects on the upper side of the wing. It increases to a

wedge shape at the trailing edge and finally separates the flow

from the surface of the wing.

The effect of the flow through the slot on the thickness.

the boundary layer can be seen by comparing the correspondin~

grams. It is very evident that the thickness of the boundary

of

dia-

layer

on a slotted wing, after reaching an angle of about 10°, is smaller

than on an unslotted wing and that the velocity increases in the

boundary layer. Both facts indicate that the flow is improved by

the slot. The lift increase is due to this phenomenon, as shown by

the ’increase in the hatched areas “inFig. 8. In the polar diagram

also this phenomenon is expressed by the fact that the wing-section
,,

drag of the slotted wing, above the angle of attack u = 10°, is

k- smaller than that of the normal wing- ~~

A comparison of the static negative pressures shows that, at

at test point I, they are much greater on the slotted wing than on

the normal wing. According to the theory, however, the negative

-m I mm ■ ream, l 8 , , ,.-.-—-.!! I ! ,, .. . . .....- . . ...
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pressure on the main wing is diminished by the auxiliary wing.

This, apparent contradiction may be explained, however”,as follows:.

Test point I lies in the first third ,,ofthe Chord. The ~in i@lu-

ence of the auxiliary wing extends to the negative pressure region

immediately above the leadinR,edfleof the main wing, Which $.s.known, .

from previous, more complete pressure distribution experiments in

this region, to run out into a sharp point:* The auxiliary wing

cuts off this point and effects

negative-pressure region toward

of the negative-pressure region

why the center of pressure lies

edge than on an unslotted wing.

a more complete distribution of the

the trailing edge. This behavior

on a slotted wing may also explain

somewhat farther from the leading

On the basis of the above results, some idea can be formed as

to the probable success of special mechanical devices for blowing

or sucking away the boundary layer,

In order to determine the relation on a full-sized airplane

wing from the model, we employ Karman’s differential equation

~d~=
1/4

2-) **
72 dx

0.0225 (V5,

for the thickness 5 of the turbulent boundary layer on a smooth

surface. Its solution reads “
~ 3/5

~ = (y)” ‘ ( 0.0225)4” @ X415
h-

* Compare, e.g., pressure measurements on monoplane wings in VO1*II>
J??“ 43-47, of “Ergebnisse der Aerodynamischen Versuchsanstalt zu
G6ttingen.”
**Von Karman, “Ueber laminare und turbulence Reibung,” Zeitschrift
fur Flugtechnik.und Motorluftschiffahrt,” Vol. 1, 1921, pp. 233-298.
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or 6 for the length t
3/5

% = o.37t (~>

Hence the thickness of the boundary layer increases proportion-

ally with ~ 4/5. On this assumption it follows, e.g., that for a

wing with a chord of 1.8 m(5.9 ft.), with a landing speed of

v= 20 m (65.6 ft.) per second and an angle of attack of a= 15°
.

in the position of test point 1, a quantity of air of the order

of magnitude 0.2 rJ3 (7 cu.ft.) per second, for each

span, flows within tineboundary layer.*

The energy content of the layer of air flowing

meter of the

through such a

slot is, under a like assumption, of about the order of magnitude

of 260 m-kg per second (1880.6 ft .-lb.-see.) for one meter of the

span ~ To this there corresponds, regardless of the efficiency of

the compressor, about 3.5 HP. for each meter of the span.

These numbers are naturally only approximations, but they indi-

cate that such mechanical imitations of the slot effect require con-

siderable power.

We could indeed conceive of the possibility of employing the

whole power of the engine for generating a layer of air blowing

over the wing, in order to utilize the impulsion of this mass of

air for the forward thrust, instead of the propeller. The effici-

ency would surely-be poor, howe~~rj since a relatively S-mallmass

* For the suction, a somewhat greater quantity naturally comes into
play, since many suction points must be distributed along the wing,
in order to prevent the renewing of the boundary layer.

. II -1..... —,.. ,. ,, , . ., -, ... . . . .-
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would be given a high velocity. If Exvl
g

represents the force

in the direction of flight, the delivered IQ.”is N = ~ x VI V.
g,

The kinetic energy of the layer “ofair becomes E = - x ~.P
g“2

The

efficiency then becomes

If we assume, e.g., that v’ = 2v, the efficiency is then

~ : 0.5. Here,.however, the energy recovered by increasing the

pressure is disregarded.. It still seems doubtful as to ~hether the

decrease in the wing-section drag, obtained by blowing away the

boundary layer, is proportionate to the decrease in efficiency and

to the increase in weight in comparison with an,ordinary airplane.

Moreover, there is absolute dependence on the source of power., so

that, in case of a forced landing due to.engine trouble, the de-

vice for increasing the lift would fail.

Aside from these purely practical considerations, further thor-

ough investigation of’the phenomena within the boundary layer may
——

finally discover the laws for the wing-sectio-n drag and of the sep-

aration, so that, after the problem of the induced drag has been

solved, we will o-staina perfect picture of ‘the phenomena of flow

Oilan airfoil..

Translation by Dwight M= l!iner,
National Advisory Committee
for-Aeronauticsm
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